I. INTRODUCTION
Identification of point defects in semiconductors and their description with first-principles calculations is an important and challenging problem. Defects in GaN are of particular interest due to the wide use of this material in electronic and light-emission applications. Because of the technological importance, large amounts of experimental data have been accumulated with regard to the properties of defects in GaN. Nevertheless, point defects which may detrimentally affect device performance are still poorly understood. Theoretical calculations inevitably use certain assumptions and fitting parameters, but the use and applicability of such parameters to specific defects are not always justified or agreed upon. In addition, calculations of defect properties in semiconductors always involve a wide range of corrections, which are necessary to remove significant errors originating from several different sources. The exact application procedures for these corrections are still being debated. Another problem, impeding the progress in defect physics, is that reliable experimental data are not always available for comparison with theoretical results because very few defects with well-studied characteristics are reliably identified in GaN. One such defect that can be used as a test case for evaluating the applicability of theoretical methods is the Zn acceptor.
It is known that, in GaN, Zn substitutes for Ga and introduces an acceptor level at E A = 0.3-0.4 eV above the top of the valence-band maximum (VBM). [1] [2] [3] [4] This value is comparable to the Zn Ga acceptor ionization energy (330-364 meV) calculated within the effective-mass approximation. 5, 6 It is also established that the Zn Ga defect is responsible for the blue luminescence (BL) band in Zn-doped GaN as well as in undoped GaN grown by metal-organic chemical-vapor deposition (MOCVD) or hydride vapor phase epitaxy (HVPE) techniques. 4 The BL band is caused by transitions from a shallow donor (at low temperatures) and from the conduction band (above 100 K) to the Zn Ga acceptor. It has a luminescence peak at ∼2.9 eV and a zero-phonon line at ∼3.10 eV at 15 K. 4 In this paper, we compare the experimental results for the BL band with first-principles calculations based on the HSE06 hybrid functional, 7 which recently has become the preferred method for defect calculations in semiconductors.
II. EXPERIMENTAL RESULTS
We studied a number of GaN samples grown by HVPE and MOCVD techniques on c-plane sapphire substrates. These included an undoped GaN sample (No. th1011) with a concentration of Zn, N Zn , less than 5 × 10 15 cm −3 due to contamination during the HVPE growth, and several MOCVDgrown GaN samples heavily doped with Si (N Si = 10 19 cm −3 ), which contained different concentrations of Zn (N Zn = 10 14 −10 18 cm −3 ). Photoluminescence (PL) spectra from all the samples exhibited the BL band with a maximum at about 2.9 eV.
The shape and position of the BL band can be best studied in a sample unintentionally doped with Zn ( Fig. 1 ). For this sample, the BL band maximum is at 2.88 eV at 15 K, and the fine structure at the high-energy side of the band can be explained by electron-phonon coupling, involving two dominant phonon modes: the LO lattice mode with a phonon energy of 91 meV and a local mode with a phonon energy of 36 meV. The results obtained here are similar to the results on undoped and Zn-doped GaN reported in Refs. 8 and 9. A sharp peak at 3.087 eV is attributed to the zero-phonon line (ZPL). With increasing temperature from 15 to 50 K, the BL band shifts to higher energies by about 20 meV, and its fine structure becomes less resolved. This shift can be explained by an assumption that the donor-acceptor-pair (DAP) transitions at 15 K, involving a shallow donor and the Zn Ga acceptor, are replaced with transitions from the conduction band to the same acceptor (eA transitions) above 50 K due to the thermal emission of electrons from the shallow donor to the conduction band. This assumption is supported by a characteristic transformation of the ultraviolet luminescence (UVL) band (Fig. 1) . At 15 K, the UVL band consists of a main peak at 3.262 eV and its LO phonon replica at 3.170 eV, and both are attributed to DAP-type transitions from a shallow donor to an unidentified shallow acceptor in GaN. At 50 K, these peaks become barely visible and give way to the eA peak at 3.285 eV and its LO phonon replica at 3.194 eV (Fig. 1) .
The difference between positions of the eA and DAP peaks can be regarded as the effective ionization energy of the shallow donor (E D ≈ 20 meV). A peak at 3.475 eV is attributed to an exciton bound to a neutral shallow donor. The peak is shifted to higher energy by 4 meV from its position in thick strain-free GaN (3.471 eV). 4 From this, we conclude that the band gap in this sample is increased due to biaxial strain by 4 meV from the value in strain-free GaN (3.503 eV). 10 By taking into account the estimated band gap in our sample (E g = 3.507 eV), the effective ionization energy of the shallow donor (E D = 20 meV), and position of the ZPL (E 0 = 3.087 eV), we find the position of the acceptor level from the top of the valence band at 15 K as E A = E g − E 0 − E D = 0.400 eV. It is interesting to note that, in Ref. 8 , the same value of E A has been obtained for another more strained GaN layer by using E 0 = 3.098 and E g = 3.518 eV. Thus, accounting for the strain in the studied samples and the effective energy of the shallow donor, we conclude that, in strain-free GaN, the optical transitions from the conduction band to the Zn Ga acceptor with E A = 0.40 eV (eA transitions) have the ZPL at 3.10 eV and the band maximum at 2.90 eV.
The value of E A at higher temperatures can also be estimated from the thermal quenching of PL. In n-type GaN, the BL band is quenched at temperatures above 200 K with the slope of the Arrhenius plot corresponding to 0.35 eV. Figure 2 shows typical temperature dependencies for the BL quantum efficiency in two characteristic samples. In the undoped GaN, a transition from the temperature-independent region to the quenching region occurs at a characteristic temperature of T 0 = 210 K, whereas, in GaN co-doped with Si and Zn, T 0 = 290 K. The PL quantum efficiency η, defined as a ratio of the PL intensity I PL to the electron-hole pair generation rate G has the following temperature dependence for n-type semiconductors: 11, 12 
Here, η 0 is the quantum efficiency of the BL band at T < T 0 where the BL intensity is temperature independent, τ A is the PL lifetime for the BL band determined from the In contrast to the data presented above for conductive ntype GaN (undoped or Si-Zn co-doped), in high-resistivity or p-type GaN doped with Zn, the thermal quenching of the BL band is very abrupt (not shown here), the slope of the quenching corresponds to the activation energy of about 1.0 eV, and the characteristic temperature of the quenching shifts to higher temperatures with increasing excitation intensity. 13, 14 This unusual behavior of the BL band was explained by a sudden redirection of the recombination flow from the Zn Ga acceptor to an unknown nonradiative defect with increasing temperature at some critical value T * , which increased with excitation intensity. 13 Remarkably, the ionization energy of the Zn Ga acceptor could be determined from the shift in T * with excitation intensity, and the value obtained for high-resistivity or p-type GaN:Zn samples (E A = 340−350 meV) agrees very well with the values of E A obtained from the quenching of the BL band in conductive n-type GaN.
III. METHODS OF CALCULATIONS
Our calculations are based on the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 7 as implemented in the Vienna ab initio simulation package program. 15 We use the HSE hybrid functional with the fraction of exact exchange of 0.312 and the screening parameter of 0.2Å −1 . These parameters accurately reproduce both the band gap and the lattice properties of bulk GaN. 16 The resulting band gap of 3.5 eV is in good agreement with the low-temperature experimental value of 3.50 eV. 10, 17 Computed relaxed lattice parameters for wurtzite GaN (a = 3.210Å, c = 5.198Å, and u = 0.377) also agree with experimental values (a = 3.189 and c = 5.185Å). 18 The 128 atom supercells were used with atomic structures relaxed using HSE hybrid functional calculations to yield forces of 0.05 eV/Å or less. We tested supercells containing up to 300 atoms and found 128 atom cells to be sufficient. The plane-wave basis sets with a 400-eV cutoff at the point were used in all the electronic structure calculations. In the 128 atom supercells, the use of a 2 × 2 × 2 mesh as opposed to -point only eigenvalues resulted in errors less then 0.05 eV. Spin-polarized calculations were performed in all cases. Details on the systematic tests, performed in order to evaluate possible sources and values of errors for defects in GaN, are published elsewhere. 19 The defect formation energy quantifies the probability of a lattice defect to be realized. It is defined as the total energy difference of the supercell with the defect E d and the bulk supercell E bulk adding (or subtracting) the chemical potentials of the missing (added) atoms in the defect cell μ i and adding the charging energy of a defect qE F for nonzero charge states. The chemical potentials for Zn, N, and Ga are taken from HSE calculations of the metallic Zn, a N 2 molecule, and metallic Ga, respectively. For charged defects, the use of periodic boundary conditions leads to unphysical electrostatic interactions between the defect periodic images and the compensating background charge density, which is added to keep the calculation charge neutral. The proper application of the corrections of various physical origins has been analyzed in literature in great detail. 20 Here, following Lany and Zunger, 20 we use Makov and Payne 21,22 corrections for spurious electrostatic interactions up to third order for charged defects.
IV. DISCUSSION
A. Formation energies and thermodynamic transition levels Figure 3 shows the formation energies of the Zn Ga substitutional defect. From our calculations, it is evident that Zn Ga is an acceptor with the 0/− thermodynamic transition level at 0.45 eV above the VBM. The two panels show the formation energies computed for Ga-rich and Ga-poor growth conditions, which differ by the GaN enthalpy of formation (computed here to be −1.25 eV) in the definition of Ga and N chemical potentials. Depending on the growth conditions, the probability of the Zn Ga acceptor formation changes with Ga-poor growth being more favorable for incorporating Zn acceptors into the GaN lattice. In n-type GaN, the Zn Ga acceptor would provide a compensating effect and is, therefore, always energy efficient with formation energy being negative for Ga-poor growth regime. This finding is consistent with the high intensity of the BL band in unintentionally doped n-type GaN. 
B. Optical transition levels
Transitions involving the Zn Ga acceptor are shown in Fig. 4(a) , which depicts a configuration coordinate diagram for the two charge states of the Zn Ga acceptor. Optical transitions are shown with vertical arrows, and transitions that involve the emission of multiple phonons are shown with curved arrows. Initially, the lowest-energy charge state of the Zn Ga acceptor in n-type GaN is negative (Fig. 3) , shown by the lower curve labeled Zn − Ga . The absorption energy associated with this defect is 3.12 eV. However, we are not aware of any experimental data for the PL excitation spectra associated with the BL band. The BL band is commonly excited with a band-to-band transition [shown with a vertical arrow with the length equal to the GaN band gap (3.50 eV)]. Upon band-edge absorption of a photon, an electron-hole pair is created, and the negatively charged Zn Ga acceptor captures the free hole (transition schematically shown with a curved arrow from the Zn − Ga + e − state to Zn 0 Ga + e − , where e − indicates an electron in the conduction band). Upon relaxation into its lowest-energy geometry, the electron in the conduction band recombines with the hole localized on the Zn Ga center producing a luminescence peak with photon energy of 2.94 eV, returning the Zn Ga acceptor into its lowest-energy charge state. Thus, the exchange-tuned HSE06 hybrid functional calculated value of the optical transition energy is in excellent agreement with the measured BL peak of 2.90 eV.
Although the Zn Ga acceptor creates a relatively deep level at 0.45 eV, the electronic wave function of the defect state is weakly localized. In contrast to the results obtained for the Mg acceptor in GaN, 16 following atomic relaxation we do not find the localized state for a Zn acceptor. Figure 4(b) shows the charge density of the hole captured on the Zn Ga acceptor after the photon absorption. The hole wave function is relatively spread out around the Zn atom and has a significant charge density on the nitrogen atoms, well beyond the secondand third-nearest neighbors. As a consequence of the weak localization, lattice distortions around the defect are modest. Nitrogen atoms relax outward from the Zn impurity by ∼3.4% of the bond length in the 1− charge state and by ∼3.5% in the neutral charge state. This leads to a relatively small value in the calculated Franck-Condon shift of 0.11 eV. The resulting zero-phonon energy is 3.05 eV, which is in excellent agreement with the measured ZPL of 3.10 eV. Finally, the Stokes shift is calculated to be 0.18 eV.
C. Accuracy of transition energies for hybrid functionals
In the HSE06 hybrid functional, the exchange interactions are split into long-and short-range parts with a screening parameter controlling this splitting range. The long-range exchange and all electronic correlations are computed with the Perdew-Burke-Ernzerhof 23 (PBE) theory of the generalized gradient approximation (GGA) to the density functional theory. The energy of short-range exchange interactions is computed as a mixture of a fraction α of exact Fock exchange and a fraction (1 − α) of PBE exchange. The original HSE06 functional has been developed with α = 0.25, which, as a rule, greatly improves the computed band gaps in most semiconductors. 24 However, in electronic structure calculations, and especially those related to defects in semiconductors, the remaining errors in the band gap can lead to significant errors in the defect formation energies and optical transitions. Therefore, it has become a common practice to tune the amount of the exact exchange α in the calculation to obtain a band-gap value in agreement with the experiment. In this paper, the results presented above are also computed using the HSE06 hybrid functional with the fraction of Fock exchange equal to 0.312, tuned to reproduce the experimental band gap in GaN.
As shown above, the theoretical results obtained with such a tuned HSE06 hybrid functional are in excellent agreement with presented experimental data for a well-understood defect in GaN, such as the Zn Ga acceptor. However, it is important to estimate the accuracy of these calculations with respect to the tuning of exact exchange. We have performed the optical and thermodynamic transition energy calculations for different fractions of exact exchange within HSE06, ranging from GGA (zero fraction of exact exchange) to 0.312 while keeping the screening parameter constant and equal to 0.2Å −1 . The results of these calculations are presented in Fig. 5 , showing the evolution of the optical and thermodynamic transition levels with the increasing exact exchange fraction. Here, the optical transition level is defined as the transition level, corresponding to the maximum of emission, in order to emphasize the influence of the exact exchange fraction on the defect luminescence. Alternatively, the optical level could be defined as that corresponding to the zero-phonon line. However, since the zero-phonon line can be thought of as the band gap minus the thermodynamic transition level, it would be equivalent to tracking the latter. For all values of α, absorption and emission lines were computed according to the diagram in Fig. 4 , using the formation energies obtained at different values of α. The experimental band gap for the energy of the electron in the conduction band was used in all optical level calculations, whereas, the thermodynamic level is calculated directly from the formation energies. The changes in positions of the VBM and the CBM are shown as the band gap increases linearly from 1.88 eV in the GGA limit to 3.50 for α = 0.312. When the value of the experimental band gap is reached at α = 0.312, the valence band is shifted down by 1.03 eV, whereas, the conduction band is moved up by 0.59 eV. The GGA computed thermodynamic and optical transition levels practically coincide, but they are both underestimated with values of 0.26 and 0.28 eV, respectively (relative to the VBM at α = 0 in Fig. 5 ). With the increased fraction of exact exchange, both the thermodynamic and the optical transition levels tend to follow the valence band with slightly different lags. The difference between these two levels increases, reaching 0.11 eV for α = 0.312 at the experimental band gap. For this fraction of exact exchange, the transition levels are approaching their corresponding experimental values to within 0.05 eV. For α = 0.312, the calculated thermodynamic transition level is at 0.45 eV, and the optical level is at 0.56 eV above the VBM. This upward shift in the transition levels above the VBM is obtained without any postprocessing corrections to the host band gap.
The behavior of transition levels as a function of α shown in Fig. 5 suggests that the amount of exact exchange tuned to reproduce the host band gap also accurately reproduces defect-related electronic and optical properties. Although there are still unphysical interactions present in the calculations, mainly due to the use of periodic boundary conditions, the well-documented methods of correcting the resulting energies 20 remove the related errors. The problems related to the electronic exchange and correlations, present in the GGA treatments of the impurity problem, appear to be circumvented in the exchange-tuned HSE06 hybrid functional. Nevertheless, the remaining inaccuracies in band-structure calculations using HSE06 might still introduce errors to the defect formation energy calculations. In ZnO, for example, tuning of the band gap to the experimental value leads to an excessive downshift of the VBM with respect to the underlying d band. 25 This occurs since HSE06 results in an overestimated Zn d-band energy and a relatively large value of α is needed to compensate for the p-d band repulsion. In addition, previous hybrid functional studies of intrinsic defects in ZnO indicated that reproducing the experimental band gap might not guarantee the correct defect formation energies and transition levels, 26 even though one might expect an error in the underlying band structure of the host material to cancel in the calculation of the defect formation energy. Therefore, further studies are necessary to test the accuracy of this approach in materials with occupied d states. Nevertheless, the presented comparison of the results obtained with HSE06 and experimental data shows that this method can accurately predict electronic and optical properties of defects in materials where reproducing accurate d-band energies is not critical.
V. CONCLUSIONS
We have performed a detailed comparison of hybrid functional calculations of electronic and optical properties of Zn Ga defects in GaN with experimental PL measurements. Overall, we find that the defect-related properties of the Zn Ga acceptor in GaN, obtained with the exchange-tuned HSE06 hybrid functional, are in very good agreement with experimental values. The computed formation energies of the Zn Ga acceptor produce the thermodynamic transition level of 0.45 eV above the valence-band maximum, which agrees with the value of 0.40 eV deduced from low-temperature PL spectra. We find that the measured PL spectra of the BL band in GaN, which is believed to be caused by the transitions via the Zn Ga acceptor, are in excellent agreement with the calculated results. The computed maximum of the blue band is at 2.94 eV, whereas, the measured value is 2.90 eV. The zero-phonon line is computed to be 3.05 eV, which is also in agreement with the measured 3.10 eV. Since Zn Ga is one of the few well-identified impurities in GaN, we also investigate the applicability of this theoretical approach for various fractions of exact exchange in the HSE06 hybrid functional, ranging from the GGA approximation to the fractions reproducing the experimental GaN band gap. We show that the commonly used tuning of the exact exchange to accurately reproduce the band gap of a particular host semiconductor produces reliable results.
